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A discrete Fourier-encoded, diagonal-free experiment to simplify homonuclear 
2D NMR correlations 
Abstract 
 
Nuclear magnetic resonance (NMR) spectroscopy has long served as an 
irreplaceable and versatile tool in physics, chemistry, biology and materials science 
owing to its ability to study molecular structure and dynamics in great detail. 
Homonuclear correlation experiments are a powerful tool for identifying coupled 
spins. Generally, diagonal peaks in these correlation spectra display the strongest 
intensities and do not offer any new information beyond the standard one-dimensional 
spectrum, whereas weaker, symmetrically-placed cross peaks contain most of the 
coupling information. The cross peaks near the diagonal are often affected by the tails 
of strong diagonal peaks, or even obscured entirely by the diagonal. What's more, the 
diagonal is often responsible for the so called t1-noise and artifacts along the indirect 
dimension. Hence, the diagonal peak suppression has been a important area of 
research. 
Many conventional methods used to get diagonal-free spectrum still have 
disadvantages such as low sensitivity, imperfect suppression of diagonal peak, 
suppression of close cross peaks and so on. In this paper we combine an encoding 
approach based on imparting a discrete phase modulation of the targeted cross peaks 
together with a subsequent site-selective sculpting scheme, capable of simplifying the 
patterns arising in these 2D correlation spectra while executing them in reduced 

















1.We introduced the conventional methods to improve the acquisition efficiency 
of NMR spectroscopy briefly, and discussed the Hadamard encoding and Fourier 
encoding, which based on encoding technology to accelerate the acquisition of 2D 
spectra in detail. With the comparison we point out the superiority of Fourier 
encoding and explain the main process of this method with experiment results. 
2. A new software named Fourier_encoding, which was developed with Matlab 
R2014b, was constructed to produce polychromatic pulses and deal with the data from 
Fourier encoding based experiments. A virtual interface was supplied to facilitate 
operation, and the detail operational processes of the software was carried out with a 
specific experiments. 
3. The detail process of conventional diagonal suppression methods were carried 
out with their advantage and disadvantage. A new method named Sculpted-TOFEE
（S-TOFEE） was proposed to improved sensitivity and saving acquisition time of 
2D homonuclear correlation spectrum. Theoretical analysis with COSY sequence was 
carried out and three experiments were performed to test the ability of this method. 
Comparisons of SNR/unit time among TOFEE-COSY、conventional COSY and 
S-TOFEE-COSY demonstrate that the new method can get diagonal free spectrum 
with high sensitivity. 
 






























核磁共振（Nuclear Magnetic Resonance, NMR）是指磁矩不为零的原子核，
当其拉莫尔进动频率与射频场频率相等时，吸收了电磁波而发生了能级跃迁的现
象[1-3]。1945 年，哈佛大学的 Purcell 小组与斯坦福大学的 Bloch 小组通过双线圈
感应法和单线圈吸收法在水和石蜡中各自独立观测到 NMR 现象[4, 5]。之后科学
家们开始着手研究如何获取核磁共振在不同空间位置的信息[6, 7]，于 1973 年，
Lauterbur 采集到了首张核磁共振图[6]。从此以后，核磁共振技术开始进入飞速发
展的阶段，作为一项十分有用的分析工具，广泛的应用于医学、化学、材料和生



































世纪 70 年代初，比利时科学家 Jeener 首次提出了二维核磁共振谱的概念，随后




演化期、混合期和检测期共 4 个阶段，演化期时间一般用 t1 表示，检测期时间则
用 t2 表示。在 1D NMR 中，通常只有预备期和检测期，而在 2D NMR 中，为了
得到另一维度（间接维，F1 维）上的信息，需要将演化期以相同时间间隔进行递
增，采集多行拥有不一样演化时间的 1D NMR 信号，每行 1D 信号演化时间 t1'
的表达式为：t1'=t0+n*△t，其中 t0 是初始的演化时间，一般为 0，△t 是间接维
等间隔时间演化的步长，满足△t=1/sw1，sw1为间接维的谱宽，n 代表第 n 个 1D 
NMR 信号，n=1,2,...,N1, N1 为间接维扫描的次数。由于间接维分辨率受奈奎斯特
采样定律[17]的限制，分辨率 1f 与间接维谱宽 sw1 之间满足 sw1/ 1f =N1。此时实
验总的采样时长为 N1d1+N1(1+N1)△t/2+N1t2，其中 d1 是序列预备期的等待时间，
t2 为检测期时间。当谱宽较大是，为了保证间接维有足够的分辨率，N1 通常需要

































理方法解决间接维谱宽不满足 Nyquist 定律时所造成的谱峰折叠问题[30-32]。 
Hadamard 编码技术也是通过先验知识来设计编码脉冲，减少间接维的扫描
次数以达到提高多维谱采样效率的目的。然而，在进行 Hadamard 编码时，
Hadamard 矩阵的阶数存在一定的限制，需要满足是 4 的倍数或 2 的冥数倍，比
如，我们通过 Hadamard 矩阵编码间接维上的 9 个峰，此时 Hadamard 矩阵的阶


















































取决于两次实验的重现度[42, 43]。印度科学家 Banerjee 和 Chandrakumar 提出对角
峰压制自旋回波相关谱（DIagonal Suppression Spin-Echo Correlation spectroscopy, 
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